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Abstract: Combining with empirical method, laboratory test and numerical simulation, a comprehensive system was presented 
to determine the mechanical parameters of jointed rock masses. The system has the following four functions: (1) Based on the 
field investigation of joints, the system can consider rock mass structures, by using network simulation technology. (2) Rock 
samples are conducted by numerical simulation with the input engineering mechanical parameters of rocks and joints obtained 
from laboratory tests. (3) The whole stress-strain curve of jointed rock masses under certain normal stress can be plotted from 
numerical simulation, and then the shear strength parameters of jointed rock masses can be obtained from the whole stress-strain 
curves under different normal stresses. (4) The statistical values of mechanical parameters of jointed rock masses can be 
determined according to numerical simulation. Based on the statistical values, combining with engineering experiences and 
geological investigations, the comprehensive mechanical parameters of jointed rock masses can be achieved finally. Several 
cases are presented to prove the engineering feasibility and suitability of this system. 
Key words: rock properties; numerical modeling; jointed rock masses 
 
 
 
1  Introduction  
In rock engineering, the determination of 
mechanical parameters of jointed rock masses is a key 
issue, which restricts the decisions of project design, 
construction and operation. Because of the random 
distribution of massive joints in jointed rock masses, 
the strength parameters of jointed rock masses have an 
obvious size effect and the rocks are anisotropic, which 
are difficult to be obtained by laboratory tests directly. 
For the operation of tests is costly, at present, 
small-size rock tests and empirical methods are the 
main methods to obtain the mechanical parameters of 
jointed rock masses. Therefore, the determination of 
mechanical parameters of jointed rock masses is a hot 
issue in rock engineering. 
With the rapid development of computer technology 
and numerical calculation method, the numerical 
simulation provides an effective approach to obtain the 
mechanical parameters of jointed rock masses. Various 
scholars have made great efforts on the determination 
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method of mechanical parameters of jointed rock 
masses, and many achievements were obtained. Zhou 
et al. [1] focused on the representative elementary 
volume (REV) of rock masses, and expounded its 
mechanical mechanism. Li et al. [2] established a 
numerical model according to the results of typical 
physical model tests, and then conducted a series of 
numerical tests by using the numerical model. This 
method is implemented with physical model tests, 
which is approximate to actual condition. The 
numerical model tests are highly efficient with low costs. 
Tang et al. [3, 4] simulated the failure process of joints 
in rock masses on the basis of micromechanics. Lajtai 
[5, 6] made detailed experimental research and 
theoretical analysis for damage mechanism of rock 
bridge. On the basis of Lajtai’s theory, Wang et al. [7] 
developed a method for calculating connectivity rate of 
jointed rock masses and determining the strength 
parameters, and this method has been applied to 
practical engineering. 
The previous studies mainly focus on the generation, 
development and connection of internal joints in rock 
masses, and the internal failure mechanism of jointed 
rock sample. But the methods for combining the 
prophase geological prospecting, physical test and 
empirical method with numerical simulations 
effectively, and determining the mechanical parameters 
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of jointed rock masses synthetically are few. Therefore, 
with the empirical method, laboratory test and 
numerical simulation, a method for determining the 
mechanical parameters of jointed rock masses is 
proposed in this paper. Meanwhile, several key 
problems of this method and numerical tests are also 
discussed. 
 
2  Methods for determining 
mechanical parameters of jointed rock 
masses 
 
Joints that distribute randomly in rock masses will 
change the mechanical characteristics of rock masses 
remarkably. So far, the method for determining the 
mechanical parameters of rock mass mainly depends 
on the results obtained from the conventional 
laboratory tests and in-situ direct shear tests. 
Considering the engineering geological conditions that 
will influence the mechanical parameters of rock 
masses greatly, such as groundwater and in-situ 
stresses, the test results should be modified before 
usage. 
However, the method mentioned above has several 
shortages. For example, the sample size in laboratory 
or in-situ test is too small to truly represent the 
properties of jointed rock masses, as shown in Fig.1, 
because the small sample cannot reflect the classic 
joint’s characteristics. The shear strength parameters of 
rock masses obtained from these small sample tests 
have large discreteness. In addition, there are very 
serious subjectivity and arbitrariness during the 
reduction of mechanical parameters of rock mass. 
The method for determining the mechanical 
 
 
Fig.1 Rock sample size and joints. 
parameters of jointed rock masses introduced in this 
paper synthesizes several methods, including the 
geological investigation, rock and joint tests in 
laboratory, and numerical simulation of large-size 
sample containing joints. The mechanical parameters 
of jointed rock masses can be determined 
comprehensively from these aspects. 
2.1 Geological investigation of jointed rock masses  
There are two main aspects in the geological 
investigation of jointed rock masses. One is the 
measurement of joints in rock mass, and the other is 
the rating of jointed rock masses by geological strength 
index (GSI) method. The geological investigation is 
the basic information in the determination of 
mechanical parameters of jointed rock masses. 
The GSI method of jointed rock masses, developed 
by Hoek et al. [7–10] based on the Hoek-Brown 
empirical criterion, makes the Hoek-Brown empirical 
criterion has a wider use for jointed rock masses. 
Through the discussion, application and revision by 
Hoek and other geological engineers around the world, 
the GSI method can properly estimate the strength 
parameters of jointed rock masses, especially for the 
weathered and heterogeneous rock masses. From the 
GSI score, combining with the uniaxial compressive 
strength and material constants of rock masses, the 
mechanical parameters of jointed rock masses can be 
estimated. 
2.2 Laboratory tests of jointed rock masses 
The conventional laboratory tests mainly include the 
triaxial compression test and direct shear test. The 
sample size in laboratory test is usually small, thus it 
cannot reflect the action of discontinuity. However, the 
mechanical parameters of rock and discontinuity 
obtained from laboratory tests can be used as the input 
parameters of numerical simulation for large-size 
jointed rock masses.  
2.3 Numerical simulation of jointed rock masses  
The spatial distribution parameters of joints in rock 
mass, such as joint space, dip direction, dip, trace 
length, and so on, are obtained through the statistical 
analysis based on the geological investigation. With 
these spatial distribution parameters, the spatial 
distribution of random joint in rock masses can be 
represented by the Monte Carlo method. According to 
Wang et al. [11, 12], the method for numerical 
simulation of rock mass discontinuity network has 
been established and used widely in engineering 
practice. The simulation results of discontinuity 
network, which represent the engineering 
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characteristics of jointed rock masses and reflect the 
effect of discontinuity on the mechanical parameters of 
jointed rock masses, are used to construct the sample 
model. The typical rock mass discontinuity network is 
shown in Fig.2.  
 
 
Fig.2 Typical rock mass discontinuity network. 
 
The large-size rock mass sample model includes the 
spatial distribution information of joints. This sample 
model can overcome the laboratory or in-situ test’s 
shortages, such as the size effect of sample on the 
mechanical parameters of rock mass. In addition, the 
highly accurate mechanical parameters of rock mass 
can be obtained by using the appropriate constitutive 
relation according to different rock mass types. 
Compared with the laboratory or in-situ test, the 
rationalities of constitutive relation, load and boundary 
conditions in the numerical simulation of jointed rock 
masses are acceptable, which can guarantee the  
simulation reliability of jointed rock masses. 
2.4 Determination of comprehensive mechanical 
parameters for jointed rock masses  
The mechanical parameters of jointed rock masses 
obtained from the numerical simulation are the 
statistical values of large-size rock masses. Therefore, 
the numerical simulation results have to be optimized 
by using the previous engineering experiences. An 
analogy analysis between the optimized parameters 
and the mechanical parameters obtained by the GSI 
method needs to be conducted, and then the suggested 
mechanical parameters of jointed rock masses can be 
obtained combining with the geological investigations. 
These suggested values can provide a basis for making 
engineering decisions. The flowchart for determining 
the mechanical parameters of jointed rock masses is 
shown in Fig.3. 
 
3  Key technologies in determining 
mechanical parameters of jointed rock 
masses 
 
3.1 Geological investigation of jointed rock masses 
  Through geological investigation, the spatial 
distribution of discontinuities in rock masses can be 
understood, and the mechanical parameters of rock 
masses can be estimated by using the GSI method. 
The survey line method and survey windows method 
are frequently used to measure the occurrence of joints 
in the study of rock mass engineering characteristics. 
The survey line method has several advantages, such 
as easy installation of survey line, and detailed 
investigations for multiple structure planes at the same 
time, as shown in Fig.4 [13]. Wang et al. [11] 
conducted strict probability theory derivation for the 
results of the survey line method, and extracted the  
 
 
Fig.3 Flowchart for determining the mechanical parameters of jointed rock masses.          
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(a) Sketch. 
 
(b) In-situ survey. 
Fig.4 The survey line method [13]. 
 
distribution parameters from the cluttered investigation 
data, such as joint space, dip direction and dip, joint 
trace length, probability distribution density function, 
etc. 
In addition, the mechanical parameters of jointed 
rock masses are estimated by the GSI method in field. 
This method evaluates the jointed rock masses from 
two aspects, i.e. rock mass structure type and 
discontinuity. 
Up to now, the GSI method is still used for 
qualitative description. In this paper, the joint space, 
rock mass volume density and fractal method will be 
introduced into the GSI method to quantitatively 
evaluate the strength parameters of jointed rock 
masses. 
3.2 Numerical simulation of discontinuity network 
Based on the detailed survey of joints in rock masses, 
the numerical discontinuity network is built by using 
the Mento Carlo method. This numerical method 
remodels the virtual jointed rock masses, and provides 
an important analytical basis for performing reasonable 
large-scale numerical simulation [13]. 
The assumptions in the discontinuity network 
simulation are listed as follows: 
(1) The middle point of a joint in rock masses obeys 
the Poisson distribution. 
(2) In the two-dimensional discontinuity network 
simulation, the joint in rock masses is expressed by 
line and its occurrence is determined by the orientation 
angle only. 
(3) The dip direction of the joint obeys the uniform 
distribution. 
Based on the above hypotheses, the simulation 
processes of the discontinuity network are listed as 
follows: 
(1) The determination of simulated area. The 
simulated area is determined based on the geological 
investigations. 
(2) The joint groups and spatial distribution 
parameters are obtained from in-situ joint survey, and 
are used in numerical simulation of discontinuity 
network as the input parameters. 
(3) The determination of joint number in the 
simulated area. In this paper, the joint number in the 
numerical simulation of discontinuity network is 
determined based on the joint volume density v  
from the survey line method. The formula of v  can 
be expressed as 
l
v 2
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where v( ) j  is the joint volume density in group j, 
2( )E D  is the expected value of the square of joint 
diameter in group j, (| |)jE n  is the expected value of 
the joint unit normal vector in group j, and l( ) j  is 
the joint line density in group j. 
  Based on Eq.(1), the joint volume density in rock 
mass, vT , can be expressed as 
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j
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
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(4) The determination of location and distribution 
characteristics of joints. Based on the hypotheses in the 
discontinuity network simulation, the middle point of 
the joint is obtained by the Monte Carlo method; and 
the distribution characteristics of the joint are 
determined by the statistical results, such as joint dip, 
dip direction, trace length, etc. 
(5) The procedures above are repeated until all joints 
are created in the simulated area.    
After the discontinuity network simulation, the 
numerical model of jointed rock masses will be 
checked through the comparative analysis with the 
joint volume density and rock quality designation 
(RQD) [9].   
3.3 Numerical simulation of jointed rock masses 
The numerical simulation is conducted by using the 
universal finite element calculation software ABAQUS. 
The ideal elastoplastic model and Mohr-Coulomb yield 
criterion are adopted, and the failure path of samples is 
determined by the effective plastic strain transfixion 
belt [14]. The boundary conditions of numerical model 
are determined strictly according to laboratory tests, as 
shown in Fig.5. Parameters used in numerical 
simulation are listed in Table 1. 
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Fig.5 Boundary conditions of numerical simulation.  
 
Table 1 Parameters for numerical simulation.  
Material 
Elastic 
modulus 
(GPa) 
Poisson’s 
ratio 
Density 
(kg/m3) 
Cohesion 
(MPa) 
Internal 
friction 
angle (°) 
Rock 20 0.20 2 700 2.3 50 
Joint — — — 0.1 40 
Shear 
box 210 0.20 3 000 — — 
 
3.3.1 Validation of numerical simulation 
Whether a numerical model can be used for 
parametric study of jointed rock masses mainly 
depends on the comprehensiveness of the numerical 
model, and the rationality of the numerical methods 
and the models. In order to verify the rationality of 
numerical model, an intact rock mass and five jointed 
rock masses under different conditions are simulated, 
and the normal loads are 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 
MPa, respectively. 
Theoretically, the shear strength of intact rock mass 
obtained through the direct shear test should be 
regarded as the shear strength parameters of rock mass 
and be input in calculation. The load-displacement 
curve obtained by the numerical simulation for intact 
rock mass under the normal stress of 1.0 MPa is 
plotted in Fig.6(a), and the shear strength-normal stress 
curve obtained by numerical simulation is shown in 
Fig.6(b). From Fig.6(b), the cohesion and internal 
friction angle are 2.428 MPa and 50.3°, respectively, 
and the deviation from the input parameters is less than 
6%. The numerical simulation results are slightly 
larger than the input parameters as a result of stress 
adjustment when the intact rock mass fails in the direct  
 
 
(a) Load-displacement curve (normal stress = 1.0 MPa). 
 
(b) Shear strength-normal stress curve. 
Fig.6 Numerical simulation results for intact rock mass. 
  
shear test. The damage path doesn’t accord with the 
straight path from beginning to end strictly. The 
numerical simulation results show that the numerical 
simulation can well describe the stress-strain curve of 
rocks during failure process, and the numerical tests of 
the intact rock mass can be achieved. 
It is noted that, since the ideal elastoplastic model 
does not consider the strength weakening and rock 
mass failure after rock mass yielding, this method can 
only obtain the peak strength of rock mass, but not the 
residual strength of rock mass. 
The distribution of joints and rock bridges is the 
main geometric feature of non-transfixion jointed rock 
masses. Since the distribution of joints and rock 
bridges is variable, the combination of joints and rock 
bridges is very complicated in joint network diagram 
of rock mass. Based on rock bridge damage 
mechanism [5, 6], Wang et al. [11] classified the 
complicated combination form of joints and rock 
bridges in joint network into five basic forms, as 
shown in Fig.7. 1l , 2l  and d in Fig.7 are the effective 
projection lengths of joints A, B and rock, respectively, 
and h is the effective projection height. Based on these 
five basic forms, other ten possible derivative forms 
may be considered. 
In this paper, five overlapped forms of rock bridge 
are simulated. The equivalent plastic strain distribution  
 
 
 
(a) Type a. 
(b) Type b. 
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Fig.7 Five basic combination forms of joints and rock bridges.  
 
in failure stage is shown in Fig.8. PEEQ in Fig.8 
represents the equivalent plastic strain. The failure path 
of jointed rock masses can be determined through the 
equivalent plastic strain distribution. The numerical 
simulation results show that the failure form is 
generally consistent with the combination form of  
 
 
(a) Type a. 
 
(b) Type b. 
 
(c) Type c. 
 
(d) Type d. 
 
 
 
(e) Type e. 
Fig.8 Failure process for five basic combination forms. 
joints and rock bridges. The numerical simulation 
method and combination forms of joints and rock 
bridges based on Lajtai’s theory can be verified 
mutually, and the numerical simulation can be applied 
for jointed rock masses. Through the numerical direct 
shear test, the failure process of rock bridge overlapped 
can be simulated, and the failure path of rock mass can 
be determined. The strength parameters of jointed rock 
masses under different overlapped conditions are 
shown in Table 2. 
 
Table 2 Strength parameters of jointed rock masses. 
Type Cohesion (MPa) Internal friction angle (°)
a 1.99 48.1 
b 1.89 48.4 
c 1.98 50.1 
d 1.84 48.1 
e 1.93 49 
 
3.3.2 REV of jointed rock masses 
REV of jointed rock masses is a scale concept, 
which means that the mechanical properties of rock 
masses show random fluctuations with changes of 
space and volume. The mechanical properties of rock 
masses would stabilize when rock mass volume is 
larger than some threshold, so the threshold is defined 
as the REV of rock masses [1]. 
The mechanical parameters of jointed rock masses 
determined through numerical simulations are the 
mechanical parameters of rock masses in region, so the 
numerical simulation should be used efficiently to 
determine the engineering mechanical parameters of 
jointed rock masses. In consideration of the 
computation capability of numerical simulation, it is 
the first step to determine the REV of jointed rock 
masses to obtain the engineering mechanical 
parameters. Analysis of variations in the rock 
mechanical properties with volume is the direct 
method to determine the REV of jointed rock masses. 
For two-dimensional problems, the REV of jointed 
rock masses can be determined by the variations in the 
strength parameters with different sample sizes. 
The typical joint network simulated is shown in Fig.9.  
The samples with lengths of 1–15 m at an interval of   
1 m are taken to conduct numerical direct shear tests, 
consider the size effect and determine the REV of 
jointed rock masses.  
The strength parameters of jointed rock masses 
obtained through numerical direct shear tests change  

(c) Type c. 
(d) Type d. 
(e) Type e. 
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Fig.9 Joint network and sample size. 
 
with sample size, as shown in Fig.10. When the sample 
length is greater than 8 m, the strength parameters of 
jointed rock masses would be stable, and the values of 
cohesion and internal friction angle are 1.2 MPa and 
46°, respectively. Thus, the REV sizes of jointed rock 
masses can be determined as 8 m×8 m. 
 
 
(a)  
 
(b)  
Fig.10 Variations in strength parameters with sample size. 
 
In addition, the REV sizes of jointed rock masses are 
directly related to statistical parameter of joints. The 
problem that how to estimate the REV sizes of jointed 
rock masses through the statistical parameters of joints 
to improve the calculation efficiency of numerical 
model test should be addressed. 
3.3.3 Determination of anisotropic parameters 
The jointed rock masses are anisotropic, thus 
determining the anisotropic parameters of jointed rock 
masses is significant for practical engineering design, 
management and construction.  
The determination of REV (model sizes of 8 m×8 m) 
is the basis for studying the anisotropic parameters of 
jointed rock masses. The direct shear test under 
different shear directions, which is defined as the angle 
between shear direction and horizontal direction, is 
used to determine the anisotropic shear strength of 
jointed rock masses. When the shear direction is 60°, 
the failure path of jointed rock masses is shown in 
Fig.11(a), and the anisotropic results are shown in 
Figs.11(b) and (c) and Table 3. 
 
 
(a) Failure path of jointed rock masses (shear direction of 60°). 
 
(b) Rose diagram of cohesion. 
 
(c) Rose diagram of internal friction angle. 
Fig.11 Calculation results of anisotropic parameters. 
 
Table 3 Statistics of anisotropic parameters. 
Shear direction (°) Cohesion (MPa) Internal friction angle (°)
0 1.33 48.4 
30 1.95 47.4 
60 1.23 45.7 
90 1.98 45.4 
120 1.44 47 
150 2 45.2 
180 1.32 48.8 
 
3.3.4 Statistical mechanical parameters of jointed rock 
masses 
The simulated joint network is the random sampling 
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of real rock mass. According to the statistics principle, 
the average of relevant information obtained from the 
joint network simulation will gradually approach the 
real value when the number of random sampling 
increases. Therefore, the real values of engineering 
mechanical parameters of jointed rock masses are the 
statistical parameters obtained through the numerical 
simulation with large sample. 
 
4  Case study 
 
Jinping I hydropower station is located on the 
middle reach of the Yalong River, Sichuan Province, 
China. It consists of a double-curvature arch dam with 
a maximum height of 305 m, which is the highest in 
the world at present. Cracks are well developed in the 
left bank slope of the Pusiluogou. 
The gradient of Jinping I hydropower station on left 
bank is 1:0.5–1:0.3. This slope is a 530 m artificial one 
with elevation of 2 110–1 580 m, and its excavation 
height is the largest in the world at present. The 
success of project construction is related to the stability 
of slope. Therefore, further research on the mechanical 
parameters of rock is necessary, such as detailed 
geological investigation in typical area of the slope, 
accurate measurement of joints in adits PD38 and 
PD42, and estimation of shear strength parameters of 
jointed rock masses by using the GSI method. 
According to the geological investigations, the shear 
strength parameters of rock mass III2 in the left bank of 
Jinping I hydropower station are revised by multiple 
means. According to the statistics, the spatial 
distribution parameters of joints in rock mass III2 is 
shown in Table 4. Joint network simulation is based on 
the statistical results for joints in Table 4, and the 
sketch map of joint network is shown in Fig.12. The 
tests for RQD and other parameters verify the 
reliability of the results. The mechanical parameters for 
small-size samples in rock mass III2 determined by 
laboratory tests and a typical joint are shown in Table 5. 
The statistical results of cohesion and internal 
friction angle for jointed rock masses in this area along 
the horizontal direction determined through numerical 
simulation are 1.31 MPa and 46.4°, respectively, and 
those determined by the GSI method are 0.99 MPa and 
45.5°, respectively. The suggested values provided by 
geological parameters are 1.02 MPa and 45.5°, 
respectively [15]. 
Based on the statistical data of shear strength 
parameters of jointed rock masses collected from 
previous water conservancy and hydropower 
engineering, cohesion and internal friction angle of 
such rocks are 2.63 MPa and 48.5°, respectively [16]. 
The empirical shear strength parameters of jointed 
rock masses accumulated in the past optimize the shear 
strength parameters obtained by the numerical 
simulation utilizing the Bayesian method [16]. By 
considering the shear strength parameters of jointed 
rock masses obtained by the GSI method and 
macro-geological description, the cohesion and 
internal friction angle of jointed rock masses in left 
bank slope of Jinping I hydropower station are 
determined to be 1.20 MPa and 46°, respectively.  
By comparing the mechanical parameters of jointed 
rock masses obtained by the comprehensive deter- 
mination method with the shear strength parameters 
adopted in practical engineering, it can be found that 
the shear strength obtained by the comprehensive  
 
Table 4 Statistical results of geometric parameter of joints in Jinping left bank slope.  
Joint 
No. 
Space  Dip  Dip direction  Trace length  
Distribution 
type 
Average 
(m) 
Standard 
deviation 
(m) 
Distribution 
type 
Average 
(°) 
Standard 
deviation
(°) 
Distribution 
type 
Average 
(°) 
Standard 
deviation 
(°) 
Distribution 
type 
Average 
(m) 
Standard 
deviation 
(m) 
1 Negative 1.65 1.65 Lognormal 
284.4 
(258.56– 
330.56) 
14.13 Lognormal 43.22  (24.39–65.39) 7.61 Normal 0.9 0.41 
2 Lognormal 1.56 3.98 Normal 
138.1 
(120.39– 
162.39) 
13.26 Lognormal 61.26 (44.83–82) 8.11 Normal 2.5 0.33 
3 Negative 3.06 3.06 Normal 
96.39 
(80.46– 
119.46) 
11.59 Normal 59.05  (45.89–74.89) 5.99 Normal 2.49 0.37 
4 Lognormal 1.58 4.83 Normal 
40.7 
(16.34– 
76.34) 
16.52 Equally 70.01  (47.32–90) 11.3 Normal 3.07 1.62 
5 Lognormal 1.05 2.79 Equally 
192.6 
(170.62– 
220.62, 
346.42– 
360) 
13.49 Normal 80.76 (52.26–90, 65.75–90) 13.8 Lognormal 2.49 1.19 
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Fig.12 Sketch map of joint network with size of 15 m×15 m. 
 
Table 5 Physico-mechanical parameters of rock and joint. 
Material 
Elastic 
modulus 
(GPa) 
Poisson’s 
ratio 
Density 
(kg/m3) 
Cohesion 
(MPa) 
Internal 
friction 
angle (°) 
Rock 40 0.21 2 830 2.0 51.3 
Joint 2 0.28 1 850 0.1 24.2 
 
method is similar to that adopted in practical 
engineering. It shows that this comprehensive method 
is practical. 
 
5  Conclusions 
 
(1) The method presented in this paper combines the 
empirical method, laboratory test and numerical 
simulation, which makes it more reasonable and can 
provide strong support for major decisions of practical 
engineering. 
(2) The stress-deformation curve during failure 
process of jointed rock masses can be obtained by 
numerical simulation, thus the anisotropic and 
statistical parameters of jointed rock masses can be 
determined. However, as an ideal elastoplastic model is 
adopted, the weakening and failure of rock mass 
cannot be simulated, and the residual strength of rock 
cannot be obtained. Therefore, further study should 
focus on simulation of failure process of rock mass. 
(3) The method for determining the engineering 
mechanical parameters of rock mass considers 
comprehensive factors and combines multiple means. 
The case study of Jinping I hydropower station verifies 
that this comprehensive method is appropriate for 
practical use. 
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